It is important to investigate the failure mode and ultimate strength of piping components in order to evaluate the seismic integrity of piping. Many failure tests of thick wall and high pressure piping for Light Water Reactors (LWRs) have been conducted, and the results suggest that the failure mode that should be considered in the design of a thick wall piping for LWRs under seismic loading is low cycle fatigue. On the other hand, Sodium cooled Fast Reactors (SFRs) is thin wall when compared to LWRs piping. Failure tests of a thin wall piping are necessary because past failure tests for LWRs piping are not enough to discuss failure behavior of a thin wall piping. Therefore, this present work investigated the failure mode and the ultimate strength of thin wall tees.
Introduction
In recent years, the ultimate strength of piping components under large seismic loading has been focused more and more in the occurrence of earthquakes exceeding the design level. A series of failure tests of thick wall piping have been conducted in Light Water Reactors (LWRs) studies. These results indicate that the failure mode of a thick wall piping under seismic loading is low cycle fatigue accompanied by ratchet deformation (Suzuki et al., 2002a and 2002b , Suzuki et al., 2004 . Based on these results, the Japanese seismic design code for LWRs JEAC4601-2008 was revised so that the main evaluation of piping under seismic loading is fatigue evaluation (Japan Electric Association Code, 2008) .
Sodium cooled Fast Reactors (SFRs) are however operated at higher temperatures and lower pressure levels, so that SFRs piping has thinner walls than those in LWRs. Because of this difference, failure tests for thinner piping are necessary for confirming the seismic integrity in SFRs.
Accordingly, this study focused on thin wall piping components in SFRs. In previous work, several kinds of the tests had already been performed to investigate ultimate strength, failure mode, and seismic response behavior in piping under seismic loading (Watakabe et al., 2013 and 2014) . In this paper, static loading tests were newly performed to investigate basic characteristic of tees. Based on the test results, behavior of thin wall tees with large deflection and conservativeness of primary stress evaluation were confirmed. Validation of static finite element analysis (FEA) was also performed, and its knowledge was applied to validation of seismic analysis. Moreover, the failure prediction of the seismic tests has been tried by using the validated analysis method.
Test specimen
Behavior of thin wall tees under static loading and seismic loading was investigated in this study. As shown in Figure 1 , two types of tees were prepared: straight tees (both main and branch pipes with 165.2mm in diameter and 3.4mm in thickness) and reduced tees (main pipe with 165.2mm in diameter and 3.4mm in thickness, the branch pipe with 114.3 mm in diameter and 3.4mm in thickness). Straight pipes of same size were welded to the main pipe and the branch pipe of the junction part. Finally, flanges were welded to the ends of the straight pipes. The pipes are made of SUS 304 type stainless steel.
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Static loading tests 3.1 Test conditions
The static loading tests were performed to obtain the static load-deflection characteristics of the test specimens. Figure 2 shows the test setup for the in-plane loading case of the straight tee. Both ends of the main pipe are fixed, and the actuator pulls the branch pipe in the horizontal direction to deform the tee. Loadings in two directions, in-plane and out-of-plane, were performed against each of the two test specimen types (TA and TB). Total four test specimens were used in the static loading tests. Measurements consisted mainly in load and deflection in the axial direction of the actuator. Figure 3 shows the aspect of the tees after the tests. Excessive deflection of the cross-sectional area of the tees was observed, and collapse of the tees occurred. Leak test by using gas was carried out after finishing the tests, and no leakage was detected. Figure 4 shows the load-deflection curves for all test cases. At the bending of the tests load increases linearly with deflection, but then slows down as the plastic region propagates, reaching a first peak. After the peak, load gradually decreases, but then increases again in the large deflection region. This trend is common to all test cases. The decrease of load is considered to be caused by local plastic buckling in the strain concentration parts of the tee. Also, it is considered the load increase in the large deflection range is caused by growth of tension parts due to ovalization of the tee, which increases the cross section moment of the main pipe and the branch pipe as shown in Figure 3 (a). connected to the end of branch pipe by pin junction hinge. The end of branch pipe was deformed by the actuator. Straight tee, Out-of-plane loading, (c) Reduced tee, In-plane loading, (d) Reduced tee, Out-of-plane loading. First peak of load is defined as collapse load, plotted with a circle. Load corresponds to primary stress limit 3Sm in design is plotted with a triangle.
Test results
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Design margin of primary stress evaluation
The design margin of tees is discussed by using the load-deflection curves from the tests. One of the main seismic design considerations for piping is the primary stress evaluation. Design code of SFRs requires that primary stress in a tee from inertia moments is less than 3Sm, as shown in Equation (1) (Science and Technology Agency Nuclear Safety Bureau, 1984 and .
where, D 0 is the outer pipe diameter, P is the internal pressure, R m is the mean radius of the main pipe, M bp is the moment of the branch pipe, M rp is the moment over the main pipe, Z b is the cross-section modulus of the branch pipe, Z r is the cross-section modulus of the main pipe, B 1 , B 2b and B 2r are a stress indices, and T r and t are the thickness of the main pipe.
Loads corresponding to the primary stress limit 3Sm and the collapse load (first peak in load-deflection curve) of the tee in the tests were compared, and the margin included in Equation (1) was therefore confirmed. As shown in Figure 4 , the load corresponding to 3Sm is about 1/2 of the collapse load for all the test cases. It was confirmed by the tests that design of a tee includes enough a margin up to collapse. The specific margin for each case depends on geometric features such as pipe thickness and outer diameter, because the calculation of the load corresponding to 3Sm is simplified by using B2 factor as shown in Equation (1). The effect of geometry was also confirmed analytically in previous work, by changing the different tee parameters within realistic values (Kaneko, 2012) . It was then concluded that a large margin was included in the primary stress evaluation method due to the simplified equation against limit analysis.
Numerical analysis of static test
Simulation analysis of the static loading tests by FINAS FE code was performed to validate the analysis method. FE model TA is shown in Figure 5 , and the analysis condition is shown in Table 1 . Not only the test specimen but also fixing part was considered as the analysis model, because deflection of fixing part was not negligible. Multi-linear shown in Figure 6 was used as the material property in the analysis, the parameters were decided to fit the monotonic test of the material. Figure 7 shows the comparison between the test and the analysis in the load-deflection curve following axial direction of actuator. Overall, analysis result is in good agreement with the test result. The minor differences are considered to arise from geometrical differences between the analysis model and the test specimen. Also, the deflection figure of the analysis result shown in Figure 8 is close to that of the test shown in Figure 3 (a). This comparison confirms that FEA can accurately reproduce the static behavior of a thin wall tee up to the large deflection region. 5 Static FEA model. The test specimens and the fixed parts were modeled by quadrilateral shell element, and the actuator was modeled by a rigid beam. Shape of the tee (pink part) was based on the measured data. The size of other parts was based on the nominal size in design. Fig. 8 Deflection diagram of the tee with equivalent plastic strain contour at 500mm deflection by FEA in case of in-plane loading of the straight tee. Figure 9 shows the test specimen (TA) setup on the shaking table. Both ends of the main pipe are fixed to the table, and a weight is fixed at the end of the branch pipe. In-plane bending moments were applied to the tee by the inertia of the weight. The test specimen was pressurized with nitrogen at a low pressure level of 20kPa to detect crack penetration. The weight was chosen such that the first mode frequency was 8Hz, which is the same as that expected for main piping in SFRs.
Seismic tests 6.1 Test conditions
Excitation schedule is summarized in Table 2 . Figure 10 shows the acceleration time history (a) and the response spectra (b) of the actual data from the table acceleration in the TA1-3 test. The input wave has dominant frequency around 7 Hz. In the tests, the amplitude of the wave was scaled. The test procedure consisted in six stages with increasing input amplitudes, as detailed in Table 2 , and the tests were continued until crack penetration, which was confirmed by a nitrogen gas leak during TA1-6. Figure 11 shows tees at the end of the test. Although slight local deformation and dents near the crack were observed, unstable failure as seen in Figure 3 did not occur in the seismic tests. The failure mode seemed to be low cycle fatigue.
Primary stress at each test condition was calculated using Equation (1), and the results are shown in Table 2 . Primary stress in TA1-6, when crack penetration occurred, is approximately 40Sm, which is more than 10 times as large as allowable stress 3Sm in design. This result shows that the excitation level in the tests is very large when compared to the earthquake level considered in design. Moreover, even under such unrealistically severe load, unstable failure did not occur, and the tee failed by low cycle fatigue. Therefore, the failure mode of thin wall tees that should be considered in seismic design is low cycle fatigue.
Numerical analysis of seismic tests
Seismic FEA was also performed using the FINAS FE code to validate our analytical methodology. The FEA model TA is shown in Figure 12 and the corresponding analysis conditions are shown in Table 3 . Because it is a symmetrical configuration, only half of the tee was modeled. The geometry parameters of the straight pipes were based on nominal values and only those of the tee-joint part were based on 3-dimentional measurement data of the test specimen. The material properties of the piping were modeled with a bi-linear kinematic hardening assumption, based on the stress-strain curve obtained from the monotonic test of the material as seen in Figure 13 . Bi-linear parameters were determined so as to be equivalent energy of stress-strain relationship of test and energy of bi-linear model. Both ends of the main pipe were fixed, which were excited in x direction following the acceleration data on the table. Figure 14 shows a comparison between TA1-5 test and analysis in x direction of the acceleration and the displacement at the weight. The analysis effectively reproduces the acceleration time history and the displacement time history in the test. Figure 15 indicates the strain distribution at the maximum deflection of 38mm. The strain concentration part corresponds well with the crack penetration location shown in Figure 11 . From above the results, it was confirmed that FEA is capable of reproducing a seismic behavior of a tee up to failure. Table 2 Seismic test conditions and fatigue evaluation results. Input level is expressed by maximum acceleration and design primary stress. Usage factor calculated to predict the fatigue life of the tee is also shown. Fig. 11 Observation of the tee after the seismic tests. The crack penetration occurred at shoulder parts (red circles) in front of the tee. 
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Prediction of fatigue life
Prediction of fatigue life by using FEA was performed based on the test results above. The fatigue evaluation procedure is shown in Figure 16 . First, a seismic elastic-plastic analysis with large deflection was performed with the FEA model described in section 7. Secondly, the local strain time history at the crack penetration point was chosen from the FEA results. Here, the crack penetration was assumed to occur at the maximum strain point in the analysis results of TA1-6. Finally, a usage factor was calculated based on Miner's rule using the local principal strain time history, and the best fit curve of material test was used as the fatigue curve, shown in Figure 17 . It was calculated by removing the margin considered in design curve of SFR code, 20 times in the cycle and double in the strain range. The calculated usage factor through the above procedure is shown in Table 2 . Total usage factor up to failure of the tee was approximately 0.4, which is small compared to allowable limit 1. As the reason of the error, following things are considered: It is well known that fatigue life includes some scatter as confirmed in the past fatigue test of the material. Also, structural analysis error by difference of geometry between the test specimen and the analysis model includes in this prediction results. Moreover, it was reported that fatigue lives of piping components decrease by tri-axial effect compared to fatigue lives of the material (Namita, 2003) . Because there are many factors for error like above, it is difficult to predict the fatigue life of the structure. Though more investigation of error factor will be needed in the future, the fatigue evaluation method by using elastic-plastic FEA with best fit curve of material test seems to be able to estimate the fatigue lives of the tees under seismic loading. Fig. 16 Procedure of fatigue evaluation by using FEA
Conclusions
Both static tests and seismic tests of tees were conducted in this study. The obtained results are as follows:
(1) The seismic tests were performed up to very severe and unrealistic excitation levels. Unstable failures observed in the static loading tests were however not observed in the seismic tests. The failure mode of thin wall tees that should be considered in seismic design is low cycle fatigue.
(2) The primary stress evaluation method is conservative. Because of the simplified equation using a stress factor, it includes a significant margin.
(3) Despite the complicated geometries involved, FEA has sufficient accuracy to reproduce static and seismic behavior of thin wall tees.
(4) Seismic elastic-plastic FEA with best fit curve of material has the possibility to predict the fatigue lives of the tees. About error factor more investigation will be needed to show the validity of the fatigue evaluation method. 
